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Abstract: Canary Islands are mostly characterized by diffuse and scattered volcanism affecting a 
large area, with only an active stratovolcano, Teide-Pico Viejo complex (Tenerife). More than 2 
million people live and work in the 7,447 km
2
 of the archipelago, resulting in an average 
population density three times greater than the rest of Spain. This fact, together with the growth 
in exposure in the past 40 years, increases the volcanic risk with respect to the situation of the 
previous eruptions, as witnessed during the recent 2011-2012 El Hierro submarine eruption. 
Therefore, in addition to purely scientific reasons, there are economic and population-security 
reasons for developing and maintaining an efficient volcano monitoring system. In this scenario, 
geodetic monitoring represents an important part of this monitoring system. We describe the 
research in volcano geodetic monitoring carried out in the Canary Islands and the results 
obtained. We consider for each epoch the two main constraints existing: the level of volcanic 
activity in the archipelago and the limitations of the techniques available at the time. Theoretical 
and observational aspects are considered, as well as the implications on operational volcano 
surveillance. Current challenges and future perspectives in the geodetic volcano monitoring in the 
Canaries are also presented. 
 
 
Keywords: Canary Islands; Volcanic activity; Volcano geodesy; Deformation and gravity 
change; Space and terrestrial techniques; deformation modeling and inversion techniques. 
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1. Introduction.  
 
Large volcanic eruptions are usually associated with polygenetic volcanoes where recurrent 
events occur in the same volcanic edifice. In these cases, the area to be monitored can be 
relatively well defined. However, a challenging scenario occurs when diffuse and scattered 
volcanism affects a large area. Canary Islands volcanism is mostly characterized by the second 
scenario, Figure 1, where there is only an active stratovolcano (Teide-Pico Viejo complex, 
Tenerife), but predominantly the historical activity occurred in more frequent monogenetic cones 
along elongated rifts (Fernández et al. 1999; 2003).  
One must consider the population (more than 2 million people) living in the archipelago 
(giving a population density, in its 7,447 km2, three times greater than for the rest of Spain), the 
level of economic activites, together with the growth in exposure in the last decades which 
increases volcanic risk with respect to the situation of the previous eruptions (e.g. 1971 Teneguía 
eruption in La Palma), as shown by the recent 2011-2012 El Hierro submarine eruption. In 
consequence, apart from the purely scientific reasons, there are economic and security issues for 
the population which obligate to develop and maintaining an efficient volcano monitoring 
system. The traditional geochemical and geophysical observations of seismic, hydrological or 
fumarolic activity have proved to be very useful in volcano monitoring, and are usually the core 
of operative volcano monitoring systems. Seismic observation involves distributing a series of 
seismic sensors around the volcano, or area to be monitored, and automatically sending your log 
data to a control center that stores and processes it (Quaas et al., 1996). Seismic monitoring is 
useful for locating volcanic and/or tectonic sources and monitoring and evaluating their temporal 
evolution. Perhaps the closest example of this surveillance has been the location of the source of 
submarine volcanic eruption of El Hierro which began in October 2011 
(http://www.ign.es/ign/resources/volcanology/HIERRO.html). Geodetic monitoring is an integral 
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part of this monitoring system, complementing different seismic, geophysical and geochemical 
techniques (see e.g., Sigurdsson et al., 2000, Dzurisin, 2007; Pérez and Hernández, 2008). 
This review describes the evolution of geodetic research with emphasis on volcano 
monitoring in the Canary Islands. We review the main methodological and observational results 
achieved since the 20th century, as well as the implications of these results on operational 
volcano surveillance in every epoch. We also present some new unpublished deformation results 
for Tenerife and Fuerteventura Islands. 
 
2. Geological and volcanic framework. 
 
The Canary Islands are located in the northwestern part of the Nubian (African) tectonic 
plate, relatively far from major plate boundaries and close to the thickened Western African 
craton continental lithosphere. The Canary Islands are a group of seven major islands forming a 
rough East-West trending archipelago (Figure 1). The latter forms part of a large group of 
magmatic plateaus, together with the Selvagen Islands, several seamount complexes, and the 
Madeira group (CGMW, 2010). This magmatic province sits on Jurassic-age (150-180 Ma) 
oceanic lithosphere, implying a relatively cold, strong and thick lithosphere. The archipelago is 
located on the transitional zone, a passive margin, between oceanic and continental crust (e.g., 
Banda et al 1981; Suriñach et al 1986). These, in conjunction with a slow moving plate, have 
important implications on the partial melting of the mantle underneath the Canary Islands and 
contribute to a geodynamic scenario that has been extremely complex to uncover. 
Since the inception of the hot spots theory (Morgan, 1971), the Canary Islands have been 
attributed to this origin. However, some unusual features in their geochemistry, the influence of 
Atlas tectonics and lithosphere structure (absence of gravity and bathymetry anomalies) raised 
questions on the full validity of this hypothesis, calling for hybrid geodynamic scenarios (Anguita 
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and Hernán, 2000 and reference therein). 
The Canary Islands shows an age progression in dated rocks, from Fuerteventura-
Lanzarote in the East to El Hierro Island in the West (Figure 1). In general, older islands have 
clearer evidence for longer erosional periods and flank collapse processes. Indeed, the 
easternmost and oldest islands of Fuerteventura and Lanzarote are the lowest with elevations 
below 1000 m. Their sub-aerial volcanism started around 20-15 Ma, with little evidence of 
scattered-diffuse Quaternary volcanism. Gran Canaria, Tenerife and La Gomera could be 
classified as of intermediate-age with Miocene ages of 14.5, 11.9, 9.4 Ma, respectively (Hoernle 
and Carracedo, 2009). This subgroup is the largest by volume, with Tenerife rising ~7000 m from 
the surrounding seafloor. A unique characteristic are the voluminous erupted phonolite deposits, a 
highly differentiated and relatively high-silica content rock in Gran Canaria and Tenerife. In Gran 
Canaria and La Gomera, more deeply eroded, outcrop intrusive complexes and dike swarms, e.g., 
Vallehermoso and Tejeda, respectively (Ancoechea et al., 2003). Finally, the youngest group is 
La Palma and El Hierro, which started forming in the last 4 Ma, and only emerged above sea 
level in the last 2 Ma. Both Islands are in a highly rapid growing stage with frequent basaltic 
eruption along structural rifts. 
Contrasting with the hot spot theory, recent Holocene volcanism is spread over 
archipelago, except for La Gomera and Fuerteventura. Consistently, Lanzarote, Tenerife, La 
Palma and El Hierro have erupted during the last 500 years. A total of 19 historical subaerial 
eruptions have been recorded in the Canary Islands (Siebert et al., 2011). The most voluminous 
eruption took place, 1730-1736, in Lanzarote (second oldest), the last on-shore eruption was at 
Teneguía Volcano (La Palma) in 1971 (Romero, 2000) and the most recent was submarine on the 
island of El Hierro in 2011-2012 (Carracedo et al, 2012; López et al, 2012, González et al, 2013). 
Regarding the kinematics of the archipelago, some moderate earthquakes have been 
registered in the Canary Islands region, which could be attributed to a diffuse tectonic activity, 
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e.g., the M5.2 1989 Tenerife-Gran Canaria earthquake (Mezcua et al., 1992) and the M6.2 1959 
Atlantic ocean earthquake (Wysession et al., 1995). However, there is no evidence of significant 
crustal strain accumulation around the Canary Islands. Moreover, considering the age of the 
volcanism, and the location of the volcanic seamounts and islands, the observed age progression 
could be explained by a rotation of the Nubian plate with respect to a fixed point beneath the 
lithosphere mantle (supporting a mantle plume). The location and age of volcanism can be 
described with an Euler rotation pole at approximately 56.8 N, 45.8 W, with an angular rate of 
~0.20 degrees/Ma using ages from 0–35 Ma. Conversely using ages for the interval 35-64 Ma, 
the African plate was rotating with respect to the fixed point with a different Euler pole located at 
35.8 N, 45.8 W (Geldmacher et al., 2005).  
Another important observation regarding the kinematics is the vertical (uplift-subsidence) long-
term motions. As part of growth of an intraplate oceanic island, the lithosphere under the mantle source 
should undergo relative uplift, followed by a subsidence after passing though the mantle source, which 
eventually leads to the formation of seamount (guyots). None of the Canary Islands show significant 
subsidence processes, although guyots can be observed in bathymetric maps around the archipelago 
(Figure 1). In contrast, most of the islands show significant uplift histories with outcropping seamount 
volcanoes in La Palma and Fuerteventura (Hoernle and Carracedo, 2009), but whether it reflects 
endogenous growth or regional uplift has not been resolved yet. On shorter time scales, in Lanzarote, 
Fuerteventura, and Tenerife there are also Quaternary-dated raised beaches at different elevations (Zazo et 
al., 2002; Kröchert et al., 2008). 
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3. Volcano geodetic studies in the canaries during the 20th century. 
 
Until recent decades, Canarian volcanism has only been studied using geological, 
geophysical and geochemical techniques, little attention being paid to geodetic measurements, 
especially for volcano monitoring aspects. Since the 1980s, several projects include the 
application, study, development or/and validation of different geodetic techniques and methods of 
observation for volcanic monitoring. The research has covered both the observational and 
theoretical aspects of detecting and interpreting deformation and gravity changes, as well as 
methods to determine crustal structure from gravity observations, a basic tool for interpretation of 
observed gravity anomalies.  
The temporal evolution and spatial coverage of the research in geodetic volcano 
monitoring had two basic constraints: a) the level of volcanic activity in the archipelago and b) 
the limitations of the techniques available at the time. The level of volcanic activity was greatly 
reduced after the Teneguía eruption on the island of La Palma in 1971 (Araña and Fúster, 1974; 
Hernández-Pacheco and Vals, 1982). Generally, the low levels of detected volcanic activity result 
in fewer efforts being made to investigate the background levels of geophysical, geochemical and 
geodetic parameters. Accordingly, in the last decades of the 20th century, scientific and 
observational works focused on the islands of greatest potential risk (Tenerife, La Palma) or 
offering the best facilities for developing and maintaining research instruments (Lanzarote). 
Furthermore, the characteristics of classical geodetic observations and instruments (leveling, 
triangulation, trilateration, gravimetry, etc.) available at that time (late 1970’s to 2000) 
(Fernández et al., 1999) made it time-consuming and expensive to cover the whole surface of the 
Islands.  
On account of all those constraints, investigations using classical geodetic techniques 
were conducted with very limited spatial coverage, trying to reduce the observational costs to a 
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reasonable amount consistent with the level of volcanic activity and the real risk. This is the case 
of Las Cañadas Caldera in Tenerife, Cumbre Vieja in La Palma and the Geodynamic Station in 
Lanzarote. 
 
3.1 Earliest studies. 
Scientific work done in the 20
th
 century (before the 80s) which can be considered related, at 
least in part, to the study and understanding of volcanic activity in the Canary Islands, 
concentrated on the design, construction and observation of a geodetic network for the realization 
of the geodetic reference system, and the gravity survey with structural objectives in and around 
several islands. 
 
Geodetic reference frame: The first geodetic project with scientific quality in the Canary Islands 
dated back to the 1920s, and sought to materialize a geodetic reference frame. In 1923 (Gil 
Montaner, 1929a), the Instituto Geografico y Estadístico (IGE) designed a geodetic network 
covering the whole Archipelago, that was observed between 1925 and 1928, using classical 
observation techniques of angles and distances (Torroja, 1926). The project included a large 
network, with first-order specifications, covering the seven main islands, and other filling 
networks inside the islands with second and third order specifications (Caturla, 1996). Spatial 
configuration of this network is shown in Figure 2. 
Gil Montaner (1929b) reported the geodetic link of the Canarian archipelago with the 
African continent at Cabo Juby (Morocco). All observations were completed in 1930 (Caturla, 
1996) and the triangulation chain was finally adjusted by means of least squares fit in 1936 (IGC, 
1938). Astronomical coordinates from the trigonometric point at Pico de las Nieves in Gran 
Canaria were used to start the computations. This is the reason why the geodetic reference frame 
embodying this network is known as datum “Pico de las Nieves 1930”. The Greenwich meridian 
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was selected as the origin of latitudes, this being the first time this meridian was used in Spain, 
along with the Hayford ellipsoid (Hayford, 1910). In 1968, a joint computation of the main 
network of 1930 was performed together with the islands’ second and third order networks (IGC, 
1938) to obtain a single framework for the entire archipelago. This new calculation, which did 
not include any new observations, constitutes the geodetic frame named “Pico de las Nieves 
1968” (PN68). 
In the period 1976-1978, the Instituto Geográfico Nacional (IGN) conducted doppler 
satellite observations for TRANSIT (Navy Navigation Satellite System, NNSS) system (Caturla, 
1978). The geodetic points of La Laguna in Tenerife, Maspalomas in Gran Canaria and Toston in 
Fuerteventura, were joined by very long baselines with Villafranca and San Fernando stations on 
the Iberian Peninsula. These geodetic observations were the first to tie the islands with the 
mainland. Coordinate calculations were performed in the WGS72 geodetic reference system 
achieving a submeter accuracy. 
In 1982, IGN began to define a new geodetic network reusing some ancient monuments and 
densifying the previous networks, using classical observations by triangulation and distance 
measurement with laser geodimeter (Caturla, 1996). The Tenerife, La Palma, La Gomera and El 
Hierro island networks were thus completed, forming the geodetic frame called “Pico de las 
Nieves 1984” (PN84). During the 1990s, observation of the networks in Gran Canaria, Lanzarote 
and Fuerteventura was completed. The networks of these three islands were no longer computed 
in the new geodetic frame PN84, because a new GNSS geodetic network was projected for the 
Canary Islands (Barbadillo-Fernández and Quirós-Donate, 1996). 
The GPS network consisted of a regional network linking the seven main islands and the 
corresponding inner geodetic networks in each of them. The regional network consisted of 12 
stations spread throughout the islands starting with the IGS CORS station in Maspalomas 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
10 
 
(MASP), and is computed (Barbadillo-Fernández and Quirós-Donate, 1996; Caturla, 1996) under 
ITRF93, epoch 1994.9. Immediately thereafter, a GNSS network was observed and computed for 
each island, making a total of 296 stations, which form the geodetic frame “REGCAN95”. Using 
these GNSS stations, a recalculation of the former networks of angular observations and distances 
previously observed (Caturla, 1996) was performed, thus completing the new geodetic network 
for the Canary Islands. In this phase, orthometric heights were computed for each geodetic point 
by the trigonometric leveling method. IGN also conducted precise leveling profiles throughout 
the islands, referred to mean sea level in each of the islands. Caturla and Prieto (1996) computed 
the transformation parameters between the four different geodetic frames that have existed in the 
Canary Islands since 1930. 
 
Structural gravimetry: In 1965, 1967 and 1968, the Department of Geophysics at Imperial 
College, University of London, conducted the first marine and terrestrial seismic and gravimetric 
observation experiments in the Canary Islands. In 1965, ground gravity data were measured on 
the islands of Lanzarote, Gran Canaria, Tenerife and El Hierro, mapping Bouguer Anomaly and 
allowing implementing structural models for the islands of Tenerife and Lanzarote. In 1967 and 
1968, the first off-shore campaigns of marine gravimetry and seismic refraction were carried out 
along 2650 km of profiles. Although some data were taken in the eastern part of the archipelago, 
efforts focused more on the western part and gravity maps were published for the area of Gran 
Canaria, Tenerife, La Gomera, La Palma and El Hierro. The main objective of this work was to 
discern whether they were really oceanic Islands or rather were part of the African continent. 
MacFarlane and Ridley (1968) were the first to interpret on-shore gravity anomalies in 
Tenerife and, based on a small number of stations, they identified a strong positive gravimetric 
anomaly south of Teide. This maximum was interpreted as bring due to a very dense, conical-
shaped intrusive body (whose density increases with depth from 2800 to 3100 kg/m3), stretching 
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from the Moho to about 4 km below the surface. They also detected in the gravity map the pattern 
of three major fracture systems at  120 degrees to each other, of which two were already known 
from geological field studies. 
For Lanzarote Island, the first interpretation of terrestrial gravity anomalies was described 
by MacFarlane and Ridley (1969). They also consider preliminary seismic data (Dash and 
Bossard, 1969) and data from a marine gravity profile near Lanzarote. In their work, the 
transition position of the islands between the continental crust and the oceanic crust is concluded. 
The presence of a large high-density intrusive body beneath the center-south of the island, and the 
existence of the dominant structural direction ENE are also inferred. 
Using the Imperial College seismic refraction data and gravimetry, Bosshard and 
MacFarlane (1970) present a comprehensive study of the mantle depth (giving values of 12 km 
west of La Palma and El Hierro, 13.9 km south of La Gomera and Tenerife, 15 km north of 
Tenerife and Gran Canaria, and 21-22 km under the continental shield), cortical thickness 
indicative of isostatic compensation, and structural models for Tenerife and Gran Canaria. They 
conclude that the crust in El Hierro, La Palma, La Gomera and Tenerife is essentially oceanic, 
while Gran Canaria is located in the transition zone between oceanic crust and continental crust. 
They also conclude that the islands are not part of the African continent, but are independent 
volcanic edifices emerged in NE-SW fracture zones. 
 
3.2 1980s and 1990s: the rise of modern Volcano geodesy in the Canary Islands. 
 
3.2.1 Structural gravimetry. 
In 1987, the United States Geological Survey (USGS) conducted a marine gravity campaign in 
the Canary Islands as part of a series of studies of the East Atlantic margin. This work was 
conducted with a good precision and the studied area is limited to a few kilometers in the sea 
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around each island (Folger et al., 1990). After that, various geophysical studies including marine 
gravimetry have been carried out in and around the archipelago. For example, in 1993 the 
University of Oxford conducted a marine seismic survey that included gravimetric observations 
along some profiles in the archipelago (Watts et al., 1993). 
Watts (1994) compiled data from 44 sea profiles and also included land data from 
Western African obtained by the University of Leeds in an area including the Canary Islands. He 
studied the lithospheric flexure in the archipelago and, by comparing seismic and free-air 
anomaly gravity data and elastic models, estimated values for the elastic thickness of the 
lithosphere and various results concerning lithospheric flexure. He concluded that the observed 
thinning of the oceanic lithosphere in the region would be produced by thermal disturbances 
which come from a mantle plume. Despite the lack of a long wavelength topographic bulge, he 
reaches the conclusion that the plume may be quite narrow. 
Ranero et al. (1995) obtained a Free Air Anomaly map for various profiles, and in 
combination with seismic data, also obtained a thinning of the crust in the area, concluding that 
the most likely origin of the Canary Islands is a hot spot. 
Subsequently, Watts et al. (1997) again worked on the same compilation of free-air 
gravity anomalies, also using seismic reflection data to compare the observed data with 
gravimetric ones calculated using a 2-D model of Tenerife Island. They present a two-
dimensional interpretive model of the flanks of Tenerife and adjacent crust. Their NE-SW profile 
shows a volcanic 2720 kg/m3 density core, located over which are layers of density from 2480 
kg/m3 at the bottom to 2270 kg/m3 in the top layer. They also identified around the island a 
flexion moat filled with sediments (with a density of 2080 kg/m3). 
Canales and Dañobeitia (1998), working on a new compilation of bathymetric and gravity 
data from marine profiles in the area, conclude the existence of a subsurface load correlated with 
the surface volcanic loads. The surface expression of the subsurface load is an oceanic swell 
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which is detected in the anomalous shallow basement and in the residual gravity/geoid anomaly. 
Yet Jung and Rabinowitz (1986), Filmer and McNutt (1989) and Watts (1994) suggest that the 
geophysics of the archipelago and the intervening seas is characterized by the absence of a 
bathymetric swell or a geoid high. 
With respect to the terrestrial gravimetric data, since the 1970s different gravimetric 
surveys have been carried out to better define local terrestrial anomalies or highlight certain 
structural details in Lanzarote (Sevilla and Parra, 1975), Tenerife (Vieira et al, 1986; Camacho et 
al, 1991;. Ablay and Kearey, 2000; Araña et al, 2000), Fuerteventura (Montesinos, 1999), Gran 
Canaria (Anguita et al, 1991; Camacho et al, 2000). Advances in this line of research has been 
marked by three factors: (1) the emergence of GPS positioning equipment, (2) the availability of 
digital mapping, and (3) the increasing computing power allowing gravity inversion approaches 
to be more ambitious. 
Indeed, GPS positioning has represented a revolution in gravimetry by obtaining the 
necessary precise vertical coordinates. Earlier works were limited to existing leveling lines or 
venturing into other areas using low levels of precision solutions, such as interpolated heights 
from topographic maps or inferred using barometric leveling. In the latter case, it was difficult to 
ensure heights with accuracies better than 10 m. 
Digital mapping has brought a breakthrough in computing the gravimetric correction 
produced by the relief effect, which can be very important in volcanic areas. Compared with very 
time-consuming determinations using Hammer abacus, the use of Digital Elevation Models 
(DEM) and automatic correction using computer codes allows for a quite instantaneous and very 
accurate determination of gravity corrections, with quality depending mainly on DEM quality and 
resolution (Camacho et al, 1988). 
Third, the continuously improving computing capabilities of personal computers enabled 
the development of non-subjective methodologies for linear and non-linear gravity inversion, to 
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construct 3D models of anomalous density contrasts. The models consisting of thousands of 
model resolution elements (see e.g., Camacho et al, 2000). These approaches contrast with the 
previous ones based on direct computations and testing. These methods started to be developed 
during the 1990s. The time evolution can be seen in Figure 3. 
 
3.2.2 Measurement of deformation and gravity changes. 
During the 1980s and 1990s, deformation and gravity variation measurements were carried 
out on several Islands. Moreover, the improvement of gravimetric instruments and, above all, the 
chances of very precise altimetry control have led to an interesting application of gravimetry in 
the geodetic control of volcanic phenomena: the microgravimetric detection and interpretation of 
gravity variations (in the sense of measuring with high precision gravity time variation and 
interpreting them to obtain characteristics of magmatic processes) (e.g., Sidgursson et al., 2000; 
Dzurisin, 2007; Battaglia et al., 2008). However, this technique would not apply in the Canary 
Islands until the increase of volcanic activity necessitated its use in the 21
st
 Century (see next 
section). 
 
Tenerife Island: The realization that the Las Cañadas Caldera and the Teide volcano was one of 
the largest risk areas in the Canary Islands (Araña and Gómez, 1995) resulted in most volcano 
research being focused there, in particular all the geodetic studies.  
At the beginning of the 1980s, a 17-benchmark classical geodetic micro-network was 
designed and set up in the Las Cañadas Caldera (see Figure 4) (Vieira et al., 1986; Sevilla et al., 
1986; Sevilla and Martín, 1986). It was observed several times between 1982 and 2000 to try to 
detect possible crustal displacements associated with volcanic reactivation within the network, 
and as a procedure for solving structural problems (Vieira et al., 1986; Sevilla and Martín, 1986; 
Sevilla and Sánchez, 1996). The network is located in the southern part of the Caldera and was 
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observed using triangulation and trilateration. In addition, in 1994 a levelling profile was 
connected to the geodetic network (Sevilla et al., 1996). It is composed of 52 levelling points, and 
was observed several times using precision trigonometric levelling. No significant displacements 
were found from 1982 to 2000 in the geodetic network or the levelling profile (Sevilla and 
Romero, 1991; Sevilla and Sánchez, 1996; Fernández et al., 2003). 
A sensitivity analysis of these networks revealed important limitations for volcano 
monitoring, the most important being the small spatial aperture (Yu et al., 2000). The lack of any 
external control point outside of Las Cañadas Caldera prevented checking for relative 
displacements. The use of observational methodologies, with a precision of around 1 cm for 
detecting displacements between the dates of the different surveys, made it very difficult or quite 
impossible to detect any relative displacements inside the caldera which were below that value. 
 
Lanzarote Island: The island’s structural and geodynamic characteristics, together with the 
possibility of future activity, prompted the Instituto de Astronomía y Geodesia (IAG), in 
collaboration with the Lanzarote Inter-Island Council, to install a permanent Geodynamic 
Laboratory on Lanzarote in 1987 (Vieira et al. 1988, 1991a; Fernández, 1993; Fernández et al. 
1993; Vieira 1994). The Laboratory’s scientific tasks were Earth and oceanic tidal research and 
geodynamic research of volcanism and associated seismicity (Romero et al., 2003). Four different 
modules, three located in Cueva de los Verdes (inside the La Corona volcano lava tube) and the 
other in Timanfaya National Park, form the Lanzarote Geodynamic Laboratory (Figure 5). 
Several instruments were set up in this station since 1987 to permit the continuous observation of 
deformation, gravity changes, sea level, rock temperatures and different meteorological 
parameters (see the references in this section for more details). These modules were connected to 
a data centre located in the Casa de los Volcanes, and from it data were transferred via modem to 
Madrid.  
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Most research in the last decades of the 20
th
 century in the Laboratory was done in the 
field of Earth and oceanic tides (see e.g., Vieira et al., 1991b; Fernández et al., 1991; Fernández 
et al., 1992; del Rey et al., 1994; Vieira et al., 1995; Arnoso et al., 1998; Arnoso et al., 2000). 
However, some research also focused on studying how to apply the geodetic observation carried 
out in the Laboratory to volcano monitoring, developing theoretical models for interpreting 
geodetic observations and designgeodetic monitoring systems (see next sub-sections) (Fernández 
1991; Fernández and Vieira, 1991; Fernández, 1993; Fernández et al., 1993; Fernández and 
Rundle, 1994; Fernández et al., 1994; Fernández and Díez, 1995; Fernández et al., 1999) 
All data gathered show that no deformation or gravity change related to volcanic activity 
was detected between 1987 and 2000 (Fernandez et al. 1992; Fernández, 1993; Arnoso et al. 
2000, 2001a, 2001b; Fernández et al., 2003).  
Until the end of the year 2000 (Romero et al., 2003), the geodetic instruments installed on 
Lanzarote capable of providing information useful for volcano monitoring purposes only supplied 
information from two specific areas (Figure 5). The lack of information about the deformation 
field of the whole island causes two monitoring problems (pointed out by Fernandez 1993; 
Fernandez and Rundle 1994a; Fernandez et al. 1999): (a) difficulty to deduce information about 
the characteristics of the intrusion in case of volcanic unrest; (b) difficulty to identify a process of 
volcanic reactivation on the island. Moreover, this situation made it extremely difficult to study 
the time evolution of the volcanic source, an essential factor for making Civil Protection-related 
decisions. It should be stressed that possible future eruption scenarios in Lanzarote are not limited 
to a specific volcano, but to an extensive active volcanic region that covers nearly the whole 
island (Fernández et al., 2003). 
 
La Palma Island: La Palma accounts for most of the eruptions that have occurred in the 
archipelago over the last 500 years (historic eruptions), and all the events in this island have taken 
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place at the Cumbre Vieja ridge, to the south of the island (Romero, 2000). Indeed, the last sub-
aerial eruption in the Canary Islands occurred at Teneguía volcano in 1971, which is why La 
Palma has become one of the most closely monitored islands of the Canaries in recent decades 
(Perlock et al., 2008; González et al., 2010b).  
In 2000 and 2001, this island became very famous among scientists and general society 
due to the publication of several articles (Moss et al., 1999; Day et al., 1999; Ward and Day, 
2001), and the consequent appearance in the media of related news, which warned that a giant 
collapse affecting the western flank of the southern part of the island would generate a tsunami 
that could affect coastal areas around the North and Central Atlantic basin, although not all 
scientific researchers agree with this (e.g., Carracedo et al., 2009). 
To assess the level of stability of the western flank of Cumbre Vieja (Moss et al., 1999), 
in the mid-1990s a geodetic network was installed and was used three times between 1994–1997 
utilizing Electronic Distance Measurement techniques (EDM) and Rapid-Static GPS . However, 
these studies were limited in their spatial extension and temporal coverage. Although the results 
showed a coherent pattern of displacement vectors they were of the same order of magnitude as 
the associated errors (Perlock et al., 2008; González et al, 2010b) and therefore they could not be 
really significative.  
 
3.3 Deformation modeling and designing of the geodetic volcano monitoring. 
 
One of the main tasks facing volcanologists studying an active volcano area is to define 
the most suitable instrumental monitoring system, a task that is particularly difficult in the 
absence of recent activity (Fernández et al., 1999; Yu et al., 2000). This is the case for most 
active volcanoes that have not erupted for decades or even longer. This task not only involves the 
technical optimization of the monitoring systems but also their economic and scientific 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
18 
 
profitability (Fernández et al., 1999). In the 80s, the geodetic volcano monitoring situation was as 
follows: (1) Several geodetic research programs were being carried out in Lanzarote and Tenerife 
by Spanish research teams including volcano monitoring purposes, with a limited yet constant 
economic cost. (2) The volcano geodetic research in La Palma was being carried out by UK 
groups. (3) There was a lack of knowledge of the magnitude and pattern of deformation and 
gravity variations expected in case of volcanic reactivation on any of the islands based on 
previous observational experience (Fernández, 1993). (4) There was a need to develop theoretical 
models and inversion techniques for monitoring use and interpretation in case of volcanic crisis 
(Fernández, 1993). (5) It was necessary to evaluate the applicability and limitations of the 
geodetic techniques and methodologies which were being applied to volcano monitoring. (6) It 
was necessary also to design the geodetic monitoring system for volcanic activity on each island 
and the entire archipelago. 
In the frame of the existing international tendency (Baldi and Unguendoli, 1987; Johnson 
and Wyatt, 1994; Dvorak and Dzurisin, 1997; Harris et al., 1997; Segall and Mathews, 1997; 
Betti et al., 1999; Wu and Chen, 1999) it was decided to use theoretical models, developing new 
ones, as well as new inversion techniques (Yu et al., 1998, Tiampo et al., 2000), and to use them 
together with observational experience and results and knowledge about the crustal structure, to 
define the most suitable geodetic volcano monitoring system from a theoretical study of 
sensitivity to ground deformation and gravity changes (Fernández et al., 1999). It was done that 
way considering aspect (3) described above, but also always bearing in mind that no theoretical 
study can consider all the variables involved in a problem. Therefore, the results obtained would 
only approximate reality but could give us a useful idea of how to design geodetic observation for 
the purposes of monitoring volcanic unrest.  
Fernández (1993), Díez-Gil et al. (1994), Fernández and Rundle (1994a) and Fernández 
and Díez (1995) dealt with the issue of defining the most suitable geodetic monitoring system by 
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studying Lanzarote, the easternmost of the Canary Islands, and the southern area of the island of 
La Palma. Fernández et al. (1999) review the results for the island of Lanzarote and also apply 
the methodology to the Teide, the stratovolcano in Tenerife. They propose a volcano geodetic 
monitoring system which uses the existing facilities on each Island complemented with 
continuous observation or deformation and gravity networks, depending on each case. 
Continuous recording instruments, based on their high sensitivity, should serve as a primary tool 
to detect precursory geodetic signals and field observation should be used to solve the inverse 
problem and determine intrusion characteristics. 
On account of the two main limitations of the work described by Fernández et al. (1999), 
namely the kind of source considered (spherical point magma intrusion) and the limitation in size 
of the zone studied, Yu et al. (2000) extended it to consider a wider zone and probably a more 
realistic source for Tenerife Island considering its eruption history, a dike. Their study leads to 
the conclusion that the existing geodetic network on Tenerife island is capable of detecting dike 
intrusions just below the area covered by the network, and when they are very close to the 
surface. GPS observations, using continuous recording stations or a very short period of re-
observation, covering the whole surface of the Island, would be required to detect the effects 
caused by the temporary rise of an intrusion towards the surface. 
 
3.4 New techniques. 
 
By the end of the 20
th
 century, theoretical studies had shown a clear limitation of the 
observational system deployed in the islands and the need to cover the entire surface of the 
Islands to perform operative geodetic volcano monitoring. This could not be done using classical 
geodetic techniques due to their characteristics and the economic and time costs of thoset 
observations (Fernández at al., 1999; Yu et al., 2000; Dzurisin, 2007). Yet the observational 
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situation changed dramatically in the late 20
th
 century due to two events of great scientific and 
technical relief. The first, the widespread use of GNSS observation to study deformations (e.g., 
Dong and Bock, 1989; Bock, 1991; Dixon et al., 1997; Fernández et al., 1999; Sagiya et al, 2000; 
Dzurisin, 2007) caused by the advance of technology that allows improved accuracies and 
cheaper, much smaller geodetic GPS receivers, linked to permanent GNSS observation. 
The second event was the appearance, with a rapid development and expansion of its use, 
of Synthetic Aperture Radar Interferometry (InSAR) (Massonnet and Feigl 1998, Bürgmann et 
al., 2000; Hanssen 2001) which, in good conditions (Fernández et al., 2005) allowed areas of 100 
x 100 km
2
 to be covered in a single image, i.e. covering complete Islands (Carrasco et al., 2000a; 
Fernández et al., 2002), with high spatial resolution and, in after a few years, precision 
(Fernández et al., 2009; González and Fernández, 2011). Both events drastically changed, the 
geodetic monitoring of volcanic activity worldwide and in particular for the Canary Islands. Both 
techniques are currently validated and evolved, are currently used in detecting ground movements 
and have brought down costs compared with classical geodetic techniques (Fernández et al., 
2003).  
 A clear example of the impact of using these techniques in the Canary Islands can be seen 
in Tenerife Island, described below (see, for more details, Carrasco et al., 2000a, b; Fernández et 
al., 2002; Rodríguez-Velasco et al., 2002; Fernández et al., 2003, 2004, 2005). 
 
InSAR application and results: In the first InSAR study of Tenerife Island, 18 radar images 
acquired by the European Space Agency satellites ERS-1, 2 during the period 1992-2000 were 
used, obtaining 21 differential interferograms. The good coherence obtained, even for time-spans 
beyond 7 years, permitted three important results: (a) InSAR could be applied on Tenerife for 
routine monitoring; (b) No deformation at Las Cañadas caldera (see Figure 6) was detected for 
that period (which was in agreement with the results described previously and obtained using 
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classical geodetic techniques); and (c) the detection of two deformation zones outside usually 
observed areas, located in the region where the most recent eruptions in the island occurred 
(Montaña Negra 1706, Chahorra 1798, Chinyero 1909): Garachico and Chío deformations areas 
(see Figure 6). Both of them were subsidences, increasing from 1992 to 2000. By way of 
example, Figure 6 displays the location of these deformations and their magnitudes from 1993 to 
2000.  
 
GPS network: definition and first observation results. Previously described results prompted 
researchers to design and observe a GPS network covering all Tenerife in 2000. The main 
objectives were the geodetic monitoring of possible displacements associated with volcanic 
reactivation and corroborating the results obtained by InSAR. This GPS network has a station in 
the deformation zone (2) (see Figure 6) and a densification in the deformation zone (1) (Figure 6) 
located to the south of the village of Garachico (see Figure 7). For details of the observation and 
processing methodologies, see Rodríguez-Velasco et al. (2002), Fernández et al. (2003 and 
2004). The precision of the obtained results is within one centimeter in height and several 
millimeters in horizontal coordinates. Results (Figure 8) showed a subsidence of station Pinar de 
Chío, of the same order as obtained using InSAR in deformation zone (2), and thherefore the two 
techniques confirmed one another. The results obtained in the deformation zone (1), to the south 
of the town of Garachico, were not definitive enough to confirm the displacements detected using 
InSAR.  
 
4. Recent studies. 
 
The other major change in the Canaries, which has driven the development of research in 
volcanic activity monitoring in the archipelago, has been the significant increase in activity 
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coinciding with the beginning of the 21
st
 century. This is reflected in the seismic-volcanic crisis 
of Tenerife (2004-2007) that concluded without an eruption, and the underwater volcanic 
eruption on the island of El Hierro (2011-2012), which has been followed by various episodes of 
significant surface deformation and seismic activity in 2012 and 2013 
(http://www.ign.es/ign/resources/volcanologia/HIERRO.html; García et al., 2014). This has 
forced the use and development of new techniques for the improvement and optimization of 
geodetic monitoring, in both observational and theoretical (interpretation tools) aspects, as well as 
for the knowledge of the crustal structure of the different Islands. The last is a basic aspect for a 
correct discussion and interpretation of any observed anomaly during unrest episodes (see e.g., 
Gottsmann et al., 2008). 
Sensors and techniques developed in recent years in the different fields of geodesy (GNSS, 
Earth observation from space, gravimetry,…) have allowed both ground deformation and gravity 
variations that occur before, during and after events volcanic to be measured with a precision, 
spatial and temporal coverage unimaginable a few decades ago (Fernández et al., 1999; 
Sigurdsson et al 2000; Gottsmann et al., 2006; Dzurisin, 2007; Battaglia et al., 2008, Crossley et 
al., 2013). These innovative observational techniques have entailed developing new methods of 
data processing and interpretation (theoretical models and inversion techniques), allowing 
rigorous and objective information to be obtained from these new observations.  
 
4.1 Structural studies. 
 
In the 21st century, several gravimetric works (sometimes complemented with 
microseismic experiments) have sought to better define gravity anomalies and show structural 
details on different islands such as Lanzarote (Camacho et al, 2001; Gorbatikov et al, 2004), 
Tenerife (Chávez-García et al, 2007; Gottsmann et al, 2008; Camacho et al, 2011a, b), 
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Fuerteventura (Montesinos et al, 2005), La Palma (Camacho et al, 2009), El Hierro (Montesinos 
et al, 2006; Gorbatikov et al, 2013), and La Gomera (Montesinos et al, 2011.), and in the vicinity 
of the Canary Islands (Llanes, 2006). 
In almost all on-shore studies for the different islands, the structural pattern is similar. The 
oldest volcanic zones have strong positive gravity anomalies, which are interpreted in terms of 
large magmatic intrusive bodies and aggregation of dikes corresponding to phases of very 
massive shield volcanism. The areas of most recent volcanic activity (and therefore potentially 
more active) are characterized by negative gravity anomalies, which are partly due to fracturing 
and slight accumulation of unconsolidated volcanic material which still being not eroded. Some 
of these works allow different authors to relate the determined crustal structures with 
displacement or other anomalies detected during the recent volcanic crisis in the archipelago 
(Gottsmann et al, 2008; Gorbatikov et al, 2013.). 
For example, in the case of Tenerife a large body of high density is located slightly to the 
SW of the center of the island (see Figure 3), which is associated with very consolidated 
magmatic intrusions. Other areas of positive anomaly (high density) can be associated with 
ancient structures and massive rift volcanism. In the center of the island, a strong significant 
minimum is identified revealing the low density of materials accumulated forming the Teide and 
the filling of the volcanic caldera. The morphology of these low density elements leads 
Gottsmann et al (2008) to ensure they support a vertical collapse origin of the caldera, and map 
the headwall of the ca. 180 ka Icod landslide, which appears to lie buried under the Pico Viejo-
Pico Teide stratovolcano complex. 
For the other islands, models and conclusions are similar, and each successive study 
improves the morphological definition of the structures. For example, for La Palma the following 
characteristics can be described (Camacho et al., 2009): a large body of high density in the 
northern half corresponding to ancient volcanism massive; a high-density structure elongated 
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along the NS rift in the middle; and lower densities in the south and on both sides of the central 
rift, associated to fracturing, to light recent volcanic deposits and zones of very recent activity (as 
Teneguia volcano at the south end of the Island). 
 
4.2 Measurement of deformation and gravity changes. 
 
Tenerife Island: The first results from applying InSAR to Tenerife Island are described by 
Carrasco et al. (2000a, b), Romero et al. (2002) and Fernández et al. (2002, 2003, 2005) and they 
were shocking, even using classical DInSAR technique and a reduced number of radar images 
(see previous section), because they showed clear deformation areas (Figure 6) in areas not 
studied before. These results further emphasized the need to define a GPS network covering the 
whole island (Figure 7), which was defined and formed (Fernández et al., 2003, Fernández et al., 
2004) by 17 vertices from the existing network, with accurate coordinates determined by the 
REGCAN-95 geodetic system (Caturla 1996) plus the permanent station at Santa Cruz de 
Tenerife (TENE; Fernández et al. 2003). Beginning in 2000, GPS observations confirmed the 
DInSAR detected subsidences and the time variability of the displacement, and also showed that 
the horizontal component displacement was very unimportant compared with the vertical one 
(Fernández et al., 2003; 2004; 2005). These localized subsidences were attributed primarily, at 
least partially, to changes in the groundwater level (Fernández et al., 2005). Results for elevation 
change, comparing coordinates determined for each campaign, are shown in Figure 8. 
Background seismicity in the Canary Islands, at least during the last decades of the 20
th
 
century, was characterized by diffuse and disperse seismicity in most of the region, concentrated 
in an area located between the island of Tenerife and Gran Canaria as well as in a NW-SE line, 
where there is submarine alignment of volcanic seamounts (Romero Ruiz et al., 2000). 
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Anomalous low-magnitude seismicity was recorded in and around Tenerife island from 
2001 by the National Geographic Institute of Spain (IGN) network (IGN, 2006), but more 
significantly during 2004 and 2005, close to a century after the last eruption in the island. A 
combined analysis of the observed geochemical and seismic data prior the recent seismic swarm 
on 2004 suggested that subsurface magma movement could be the potential mechanism for this 
observed seismic activity increase (Pérez and Hernández, 2004; Pérez et al., 2005). This 2004-
2005 anomalous seismic activity has been characterized by having a great number of epicenters 
located inland of Tenerife island and some migration with time, Figure 9, as in other volcanic 
areas (e.g., Waite et al., 2002; Wicks et al., 2006). From April to December 2004, 195 seismic 
events were located, five of them felt in May, July and August 2004; and more than 350 seismic 
events to February 2006. The total number of recorded seismic events during the same period, 
including those not located, exceeded 3,000. The model proposed by Almendros et al. (2007) to 
explain the pattern of seismicity observed includes an initial deep magma intrusion under the 
northwest flank of Teide volcano, and the associated stress changes produced the deep volcano-
tectonic cluster. In turn, the occurrence of earthquakes permitted and enhanced the supply of 
fresh magmatic gases toward the surface. The gases permeated the volcanic edifice, producing 
lubrication of pre-existing fractures favoring the occurrence of volcano-tectonic earthquakes. On 
18 May, the flow front reached the shallow aquifer located under Las Cañadas Caldera, and the 
induced instability was the driving mechanism for the observed tremor.  
This reactivation produced surface gravity changes (Gottsmann et al., 2006) indicating 
that the activity was accompanied by a sub-surface mass addition, although no widespread 
deformation was detected initially. While magma recharge at depth into the northwestern rift 
zone of Tenerife is likely to have triggered the reawakening of the central volcanic complex, the 
cause of the 14-month perturbation of the gravity field is most probably not related to magma 
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flow. A more likely scenario is the migration of fluids inside the complex triggering the observed 
gravity changes.  
Some deformation at surface has been detected, associated to this reactivation, using 
GNSS (see Figure 8) and InSAR (see Figure 10) observations and described in different works 
(González et al., 2005; Prieto et al., 2005; Fernández et al., 2006, 2007; 2008; Samsonov et al., 
2008; Fernández et al., 2009; González et al., 2010a; Tizzani et al., 2010).  
Samsonov et al. (2008) present results for the three-dimensional displacement field on 
Tenerife Island calculated from GPS campaigns and ascending and descending ENVISAT 
DInSAR interferograms. The goal of their work is to provide an example of the flexibility of the 
technique by fusing together new varieties of geodetic data, and to observe surface deformations 
and study precursors of potential activity in volcanic regions. Interferometric processing of 
ENVISAT data was performed with GAMMA software. All possible combinations were used to 
create interferograms and then stacking was used to increase signal-to-noise ratio. Decorrelated 
areas were widely observed, particularly for interferograms with large perpendicular baseline and 
large time span. Tropospheric signal was also observed, which significantly complicated the 
interpretation. Subsidence signal was observed in the NW part of the island and around Mount 
Teide and agreed in some regions with GPS campaign data.  
Fernández et al. (2009) study the state of deformation of Tenerife (Canary Islands) using 
Advance Differential Synthetic Aperture Radar Interferometry (A-DInSAR). They apply the 
Small BAseline Subset (SBAS) (Berardino et al., 2002) DInSAR algorithm to 55 radar images 
acquired from descending orbits (Track 352, Frame 3037) by the ERS-1/2 satellites during 1992–
2005. Their analysis reveals, Figure 10, that the summit area of the volcanic edifice is 
characterized by a rather continuous subsidence extending well beyond Las Cañadas caldera rim 
and corresponding to the dense core of the island. These results were undetectable using classical 
DInSAR or any GPS network formed by isolated stations and observed on a survey basis. These 
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results, coupled with GPS ones, structural and geological information and deformation modeling, 
suggest an interpretation based on the gravitational sinking of the dense core of the island into a 
weak lithosphere and that the volcanic edifice is in a state of compression. Fernández et al. (2009) 
also detect more localized deformation patterns, some of them previously detected using classical 
DInSAR (see Figures 6 and 10). They were also able to determine deformation time series for the 
coherent pixels, see Figure 10, and it is easy to see variations in the deformation time series 
associated with the seismic crisis in 2004.  
Apart from the previously described short-term surface deformation, characterized by a 
broad subsidence pattern with maximum ground velocities of about 4 mm/yr detected via space-
based geodetic observations (Fernández et al., 2009), different geophysical researchs (Watts, 
1994; Watts et al., 1997; Watts and Zhong, 2000; Collier and Watts, 2001; Minshull and Charvis, 
2001) have identified that the Tenerife volcanic complex is affected by crustal deformation 
processes occurring on timescales of millions of years. With the purpose of studying the 
relationship between these long-term and short-term deformation processes, Tizzani et al. (2010) 
performed an advanced fluid dynamic analysis (FDA). Their results interpreted the recent surface 
deformation as mainly caused by a progressive sagging of the denser (less viscous) core of the 
island onto the weaker (but more viscous) lithosphere. Moreover, over periods comparable to the 
hypothesized age of loading of the oceanic crust beneath Tenerife, this tendency would result in a 
total flexure of about 3–4 km, which is in agreement with independent estimations based on 
geophysical analyses. They use a unitary physical model to explain both the deformation 
recorded in deep geological structures and the current active ground deformation processes 
occurring at the Tenerife volcano.  
A more recent GPS and SBAS-DInSAR data combination was performed for Tenerife 
Island (González et al., 2010a). In this study, the same GPS dataset were correlated for inner 
consistency against some previous SBAS-DInSAR results (Fernández et al., 2009). Some 
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agreements and disagreements were found among the different regions covered by both datasets. 
Significant positive correlation was obtained for the NW rift zone, indeed it was expect because 
GPS surveys are denser in space and time in this part of the Island. 
Considering some of the previous results, the related volcanic hazard and potential risk at 
Tenerife as well as the recent anomalous seismic activity from April 2004, a permanent GPS 
network of 7 stations on Tenerife was installed by scientists from ITER, the Institute of 
Astronomy and Geodesy (IAG), the Research Center for Seismology, Volcanology, and Disaster 
Mitigation of the Nagoya University, Japan, and the Technological University of Madrid (UPM) 
(González et al., 2005; Prieto et al., 2005; Fernández et al., 2006). The spatial distribution can be 
seen in Figure 11. The network sought to provide the best possible coverage of the Teide volcanic 
cone, deformation areas found by InSAR in that epoch (Fernández et al., 2005) and a pre-
estimated non deformation area located at the south part of the island, at the ITER facilities. 
First results were obtained using Bernese 4.2 (Hugentobler et al., 2001; Fernández et al., 
2006) for the period June 2004-January 2006 (Figure 11) showing a significant positive elevation 
changes for TEIT (4.4 mm/yr) and PORT (9.5 mm/yr) and LANO (-2.4 mm/yr) in the western 
sector of the network. Conversely a subsidence effect is observed in the north-east station LANO 
(-1.9 mm/yr). On the other hand, significant EW displacements are observed in the eastern half of 
the network. 
Taking into account that seismic activity has been one of the main indicators of geological 
unrest in Tenerife, correlation between GPS results and seismic activity was tried as a primary 
search for the GPS information. Some significant correlations were detected for stations PORT 
(R=-0.31) and NORD (R=0.28). Both stations and components present trends (9.5 mm/yr for 
PORT-U and -1.86 ±0.37 mm/yr for NORD-E) and correlation (R=-0.33) between them. This 
suggests that the area close to these stations (mainly N-W of Teide) could have some 
deformations related with the seismicity (Fernández et al., 2006). 
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In an unrelated way from the previously described GNSS networks, another one, the 
TEGETEIDE network, was set up in 2005 and re-observed each year (Berrocoso et al., 2010). It 
is composed of seven GNSS–GPS stations scattered throughout the island. They presented, based 
only on the variation in these 7 stations’ coordinates, a horizontal deformation model for the 
whole surface of the island in order to explain the observed island displacement pattern in the 
geodynamic context of the Nubian plate. They concluded that the most important geologic 
structures, such as the volcanic rifts and the caldera, determine the current deformation pattern of 
Tenerife. The geodynamics of the most stable areas of the island behave similarly to that 
observed from the permanent GNSS–GPS reference stations located in La Palma and Gran 
Canaria Islands. They present an anomalous geodynamic behaviour detected in two zones of 
Tenerife, which configure an NW–SE axis crossing the central sector of the island, related with 
the volcanotectonic activity of the island and its surroundings. 
The Island of Tenerife is also home to a world-class astronomical observatory, the El 
Teide Observatory, where four tiltmeters, two aligned in the North-South direction and the other 
two in the East-West direction, are monitoring the movements of the solar telescope THEMIS 
(Heliographic Telescope for the Study of Solar Magnetism and Instabilites). Considering 
THEMIS is located a few kilometers from the El Teide-Pico Viejo stratovolcano, and the 
precision of the inclinometers is comparable to those used in geophysical studies, Eff-Darwich et 
al. (2008) carried out the analysis of the tilt measurements for the period 1997–2006. The 
THEMIS tiltmeters are located on the seventh floor of a tower, and hence they are less sensitive 
to geological processes than geophysical installations. However, THEMIS measurements are the 
only terrestrial data available in Tenerife for such a long period of observations, which include 
the sustained increase in seismic activity that started in 2001. They found a significant change in 
the East-West tilt of approximately 35 µ-radians between the years 2000 and 2002. Some 
theoretical models were calculated and it was concluded that such tilt variation could not be due 
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to dike intrusions, nor a volcanic reactivation below the El Teide-Pico Viejo volcano. The most 
likely explanation (Eff-Darwich et al., 2008) comes from dislocations produced by a secondary 
fault associated to a major submarine fault off the eastern coast of Tenerife. They also conclude 
that, taking into account the nearly permanent data recording at THEMIS, the clinometers could 
be considered as a complement for any ground deformation monitoring system in the island. 
During and after the 2004 volcano-tectonic crisis, the Instituto Geográfico Nacional 
(IGN), which is officially responsible for volcano monitoring in Spain, has developed and 
deployed a geodetic volcano monitoring system based on classical geodesy such as precision 
leveling and measuring electromagnetic distances and space techniques, especially GPS. A 
permanent network has been designed with continuous data logging and acquisition in real-time. 
It consists of permanent GPS stations and tide gauges 
(http://www.fomento.gob.es/Contraste/MFOM/LANG_CASTELLANO/ 
DIRECCIONES_GENERALES/INSTITUTO_GEOGRAFICO/Geofisica/volcanologia/B70_geo
desia.htm). 
The Advanced DInSAR (A-DInSAR) CPT technique (Mallorquí et al., 2003; Blanco-
Sánchez et al., 2008) has been also applied to study surface deformation in Tenerife. Arjona et al. 
(2009) studied two set of ESA radar images, a set of ENVISAT ascending images for 2003-2008 
period and a set of ENVISAT descending images for the period 2004-2008. Their results are 
consistent with the ones obtained by Fernández et al. (2009). They did not carry out any 
interpretation of the detected displacements or conduct any detailed study in connection with the 
volcano-tectonic crisis. 
Many of the previous works, mainly in relation with the 2004 volcano-tectonic crisis, 
present clear limitations. Not a single study covers from 1992 to any time after the end of the 
crisis (about 2006). There are no detailed studies of the advanced DInSAR deformation time 
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series before, during and after the crisis, including an interpretation, or a GPS and DInSAR data 
combined analysis covering the entire crisis period.  
 
Lanzarote Island: During the first decade of this century, the Lanzarote Geodynamics facilities 
are being used to carry out many Earth tide works, sometimes looking for a possible application 
of the tidal observations for volcano monitoring but without any clear result in this aspect or in 
the detection of displacements or gravity changes (see e.g., Kalinina et al., 2004; Arnoso et al., 
2001a, b, c; Venedikov et al., 2006; Arnoso et al., 2011). GNSS observations have also carried 
out, serving to support the tide gauges installed in the laboratory (García-Cañada and Sevilla, 
2006) and using a single permanent GNSS-GPS station. 
 The lack of geodetic monitoring networks covering the whole Lanzarote Island motivated 
the use and testing of applicability of classical DInSAR for monitoring volcanic deformation on 
the Island (Romero et al., 2003). They used six radar images acquired by the ERS-1 and ERS-2 
satellites during the period 1992–2000. The analysis of these images confirmed the existence of 
long-term stability coherence across most of the island due to dry climate conditions and the large 
extension of recent lava flows. The analysis of 15 (redundant) interferograms allowed them to 
distinguish relatively important atmospheric contributions in the differential interferograms on 
Lanzarote, and to conclude that there has been no displacement greater than 3 cm on the island 
during the period studied. These results show a clear need for a multitemporal analysis of 
interferometric products and the assessment of errors to look for possible small displacements 
below the 3 cm level. 
González and Fernández (2011) applied a new error estimation multitemporal method on 
Lanzarote Island. They used a set of 14 SAR scenes from the European Space Agency (ESA) of 
satellites ERS‐1 and ERS‐2, descending orbit, acquired in the period 1992–2000. See González 
and Fernández (2011) for details about the InSAR processing. Their results are shown in Figure 
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12. Figure 12a shows the map of the linear velocity map from the estimated time series of 
displacements for each coherent pixel in mm/year. In addition, the mean square root of the 
residuals with respect to the linear model for all times series is of the order of ∼±1 mm/year. 
Most of the area of Lanzarote (and northern islets) is stable at the level of ∼±1 mm/year during 
the studied period. Two areas (central part and northwestern coast) show significant lengthening 
displacement rates (most likely a subsidence signal). The largest deformation rates are associated 
to the Timanfaya eruption area (Montañas del Fuego) with linear velocities of 4–6 mm/year, and 
affecting an area of about 7 km
2
. The second deformation area is smaller in magnitude (3–4 
mm/year) and located on the northwestern coast. Despite the low magnitude of the deformation 
rate measured along the points between both deformation areas, points indicate systematic 
positive (subsidence) deformation rates. It could indicate spatial continuity and a possible 
connection between both areas (and the generating sources). Figure 12a shows also the location 
of some selected time series. Time series (Figure 12b–12e) represent the estimated displacement 
evolution and associated estimated error (displayed as 2‐sigma error bars) for 8 coherent pixels.  
The time series illustrate that the estimated errors are in the range of 5–8 mm, although 
the repeatability is slightly higher (∼1 cm). This observation is in accordance with previous 
results about the reliability of SB techniques (Casu et al., 2006). Deformation closely follows the 
surface temperature anomalies indicating (González and Fernández, 2011) that magma 
crystallization (cooling and contraction) of the 300‐year shallow magmatic body under 
Timanfaya volcano is still ongoing. Unfortunately, no independent ground deformation estimates 
were available for comparison, even considering the proximity of deformation areas to 
Timanfaya module of the Lanzarote Geodynamics Laboratory.  
 
La Palma Island: The tsunami caused by the earthquake in SW Asia on 26
th
 December 2004, 
which cost an enormous amount both in human lives and economic terms, spotlighted the 
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catastrophic works published on the likelihood and possible effects of a landslide on the Island of 
La Palma (Moss et al., 1999; Day et al., 1999; Ward and Day, 2001), making it even more 
interesting to determine if there are any displacements on the island that might be associated with 
possible landslides (González et al., 2010b). 
InSAR results obtained using images from 1992 to 2000 acquired by ERS-1 and 2 ESA 
satellites and using three different InSAR phase analysis techniques (Coherent Pixel Time Series 
technique, Coherent Target Modeling Method, and Stacking) show a clear subsidence located on 
the Teneguía volcano where the last eruption on La Palma took place in 1971. Stacking technique 
also shows a mild long wavelength signal of subsidence in the western part of Cumbre Vieja. The 
linear velocities of subsidence are between 4 and 9 mm/year. No deformation, at the measured 
level of precision, along the coherent pixels in the northern part of the island has been detected 
(Perlock et al., 2008).  
Fernández et al. (2008) and Prieto et al. (2009) projected and surveyed a GPS network 
covering La Palma Island using geodetic infrastructure installed by the Instituto Geográfico 
Nacional in the 1990’s. This network includes control stations along the Cumbre Vieja rift and its 
flank, Cumbre Nueva slope, also inside and outside Taburiente Caldera and two stations at 
Teneguia volcano, Figure 13. The geodetic network was observed in 2006, 2007 and  2008. The 
same equipment and observation methodology was used for all campaigns. See Fernández et al. 
(2008) and Prieto et al. (2009) for details about the observation and data processing. 
A widespread subsidence was observed (Figure 13b) (Prieto et al., 2009), more 
emphasized in the western flank of the island and which varies from about 7 cm in the north up to 
approximately 4 cm in the south, with standard deviations of about 1 cm. The effect is smaller in 
the east flank. Therefore, in the south, they obtain a velocity of subsidence close to 4 mm/year, 
consistent with results previously obtained using DInSAR (Perlock et al., 2008). Horizontal 
1994-2007 displacements are shown in Figure 13a showing for the western flank a 2 cm 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
34 
 
displacement to the south with formal errors for all those markers under the 7 mm level. Between 
2006 and 2007 (Figures 13d) a subsidence of the western flank still remains, but some points do 
not agree. The Caldera de Taburiente and its water-course to the sea describe a movement in the 
opposite direction. The northeast part of the island, with no markers on the previous study, also 
describes a displacement in the same direction as for the caldera. Displacements on the southeast 
flank are minor, following the same trend as seen for the 1994-2007 period. Displacements 
vectors in Cumbre Vieja seem to follow an erratic trend, being of the same magnitude as their 
formal errors. There are no significant displacements detected in that area. Markers on the south 
of the island, close to or in the area where the last eruption of the Teneguia volcano occurred, 
follow the same subsidence as the western flank. Therefore the tendency is consistent with 
DInSAR results again. For the 2006-2007 period (Figure 13c), stations located on the western 
flank show southward displacement, but with only a 6month interval, and their magnitudes are 
similar to their standard deviations. The points on the caldera surroundings fit displacements in a 
northwest direction, as do the markers placed on the east flank. Some points on the western flank 
of Cumbre Vieja show eastward displacements together with the majority of the points at its 
south end. 
All the observed significant displacements affect stations located outside the large central 
high density body obtained by the inverse gravimetric approach (Camacho et al., 2009). 
Therefore, detected displacements are located in younger areas and with more recent activity.  
 Arjona et al. (2010) processed a stack of 15 ascending images from the period 2004-2007, 
a second set formed by 18 descending covering 2006 up to 2008, and a final data set formed by 
16 descending images covering 1992 up to 2000 from ERS sensor using CPT A-DInSAR 
technique. Their results were consistent with results described by Prieto et al. (2009). No 
interpretation work was done in this study.  
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González et al. (2010b) analyzed 25 SAR images acquired by the European Remote 
Sensing (ERS1/2) satellites between May 1992 and September 2000 and 19 ASAR images 
acquired by the ENVISAT satellite from March 2003 to February 2008, archived by the 
European Space Agency (ESA). They selected descending SAR images, roughly sampled 
regularly over the period studied (1992–2008), to obtain a detailed image map of the ground 
deformation at Cumbre Vieja volcano. A similar analysis using ascending data was not feasible 
due to severe foreshortening that would result from the steep slopes of the western flank of 
Cumbre Vieja. See González et al. (2010b) for details on InSAR processing and atmospheric 
effect mitigation. They concentrated their ground deformation analysis in the active rift zone of 
Cumbre Vieja using average LOS velocity maps from the 1992–2000 (Figure 14a) and 2003–
2008 (Figure 14b) periods. Their results show two clear subsidence signals at the Teneguia 
volcano area and on the western slopes of the Cumbre Vieja volcano (Figure 14). The detected 
deformations were calculated using the descending orbit pass, so it could be either subsidence, 
westward motion or a combination of the two. The results by Prieto et al. (2009) suggest that a 
large part of the ground motion could be vertical.  
González et al. (2010b) modelled the ground deformation using a rectangular dislocation 
with free dip-slip motion on the fault plane, simulating in a homogeneous, isotropic and elastic 
half-space a normal fault mechanism (Okada, 1985). Creeping processes with associated non-
volcanic tremor may release the stress on the sliding surfaces, a process that potentially can 
remain undiscovered without dedicated seismic observations. The smoothness and spatial 
distribution of our geodetic results (Figure 14) suggests that the detachment fault is slow stable-
sliding at depth beneath the western flank of the edifice in the on- and offshore region close to the 
shoreline, on a fault segment with creeping friction properties. This behaviour is likely steady-
state, or might be punctuated by unobserved slow-slip events, in the transition zone between 
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frictionally different segments of the developing fault surfaces (Brooks et al., 2006; Segall et al., 
2006). Only during eruptions, the slip assumption of homogeneity can be accepted.  
Elastic modelling of the radar data could explain observed deformation with slip on an 
active creeping detachment surface that fits the contour of the low density zone. Spatial 
coalescence of (a) a prominent volcano edifice underlain by a ductile layer (old sediments or 
debris avalanche deposits), (b) a buried buttress structure in the eastern flank and (c) concentrated 
westwards dilatational magmatic stresses due to repeated N-S rift intrusions in the last 7 ka 
results in the initiation and progressive development of an active aseismic mobilisation of the 
western flank. They concluded that the detachment layer may act as an efficient boundary for the 
aseismic stress release due to gravitational loading during intereruptive periods (present activity), 
encouraging dike intrusions at the N-S rift zone. The release of dilatational magmatic stresses 
during these N-S rift intrusions encourages slip and promotes high-angle normal faulting at the 
border of the slip area (1949 eruption), reorienting the stress field around the volcano and 
resulting in near E-W fissural eruptions in the western flank. This simple model (González et al., 
2010b) satisfactorily explains the ground deformation data and also complements the geological 
and geophysical evidence that Cumbre Vieja volcano is in an early state of an immature 
collapsing process (<20–7 ka). They speculate that ongoing creeping beneath the western flank of 
Cumbre Vieja tends to stabilize the flank through reorganization and a decrease of gravitational 
potential forces. This conclusion does not preclude that any sudden and/or unusual change in the 
stress field, such as a dike intrusion or groundwater pressurization, could trigger a catastrophic 
collapse (González et al., 2010b). 
 
El Hierro Island: Ground tilt and gravity measurements were carried out at stations on El Hierro 
Island from 2004 to 2010. Tilt variation associated to seasonal temperature effects and after 
period of heavy rains, sometimes associated to landslides, were detected (Arnoso et al., 2008). 
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Gravity tide records have been analyzed and compared to DDW theoretical body tide model 
(Arnoso et al., 2011). No precursory deformation or gravity change for the 2011 volcanic crisis 
was published for those instruments. 
Starting in July 2011, anomalous seismicity was observed at El Hierro Island. On 12
th
  
October 2011, the process led to the beginning of a submarine NW-SE fissural eruption at ~15 
km from the initial earthquake loci, indicative of significant lateral magma migration. A 
description of the different phases of activity during that time period can be seen in Carracedo et 
al. (2012), López et al. (2012), Ibañez et al. (2012), Martí et al. (2013) and González et al. (2013). 
Deformation and gravity changes were measured before, during and after the eruption (Lopéz et 
al., 2012; Arnoso et al., 2012; Sagiya et al., 2012; González et al., 2013; García et al., 2014).  
López et al. (2012) describe the multiparametric monitoring network deployed over the El 
Hierro Island by the Instituto Geográfico Nacional (IGN) from July 2011 to the eruption onset on 
October 2011. They cover the recording of seismicity, geochemistry, geomagnetism, gravimetry, 
GNSS, InSAR and other additional measurements (e.g., temperature, pH and electric conductivity 
at wells). They do a description of the different parameters variations during the different phases 
of the pre-eruption time period. No data inversion for interpretation is carried out. 
Prates et al. (2013) present a processing strategy to achieve millimeter-level half-hourly 
positioning solutions using GPS-GNSS data and describe deformation results for July-November 
2011. Some interpretation using a Mogi point source is done. Months after the eruption a new 
deformation was measured, of greater magnitude than before the eruption. 
Martí et al. (2013) combined geological, geophysical, geodetic, and petrological data and 
numerical modeling to propose a volcanological model of the causes and mechanisms of the El 
Hierro eruption. They conclude that the stress distribution in the crust beneath the Island, 
influenced by rheological contrast, tectonic stresses and gravitational loading, controlled the 
movement and eruption of magma. They do not carry out a geodetic data inversion for their 
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interpretation, using a speculative modeling based on the available data. They consider 
seismicity, deformation and petrological data indicate that a bath of basanitic magma coming 
from around 25 km depth was emplaced at 10-12 km depth (discontinuity mantle/crust beneath El 
Hierro) creating a new reservoir where magma evolved until the initiation of the eruption. After 
about two months, magma migrates laterally toward SE for nearly 20 km, always keeping the 
same depth and following a path controlled by stress barriers created by tectonic and rheological 
contrast in the upper lithosphere, ending with the submarine eruption. 
González et al. (2013) complement the ground-based geodetic network with 
comprehensive processing, analysis, and modeling of multiple space-based radar interferometric 
data sets (RADARSAT-2, ASAR-ENVISAT, and COSMO-SkyMed (Constellation of Small 
Satellites for Mediterranean Basin Observation)) in order to understand the dynamics of the 
magmatic system, with a temporal sampling of ~10 days during the eruption. Their results 
demonstrate the applicability of radar observations to studying offshore eruptions, if occurring 
close to the coast. The data fully captures both the pre-eruptive and coeruptive phases. Elastic 
modeling of the ground deformation is employed to constrain the dynamics associated with the 
magmatic activity. This study represents the first geodetically constrained active magmatic 
plumbing system model for any of the Canary Islands volcanoes, and one of the few examples of 
submarine volcanic activity to date. Geodetic results reveal two spatially distinct shallow (crustal) 
magma reservoirs, a deeper central source (9.5 ± 4.0 km), and a shallower magma reservoir at the 
flank of the southern rift (4.5 ± 2.0 km) (see Figure 15). The deeper source was recharged, 
explaining the relatively long basaltic eruption, contributing to the observed island-wide uplift 
processes, and validating proposed active magma underplating. The shallowest source may be an 
incipient reservoir that facilitates fractional crystallization as observed on other Canary Islands. 
Data from this eruption supports a relationship between the depth of the shallow crustal magmatic 
systems and the long-term magma supply rate and oceanic lithospheric age. Such a relationship 
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implies that a factor controlling the existence/depth of shallow (crustal) magmatic systems in 
oceanic island volcanoes is the lithosphere thermomechanical behavior. 
Gorbatikov et al. (2013) identify in the structural model for El Hierro an intrusive model 
at 15-25 km depth, suggesting it could be associated with the submarine 2011-2012 eruption. 
García et al. (2014) study seismic data and displacements determined using GPS-GNSS 
observations from 2011 to 2013. They suggest that several magma displacement processes 
occurred at depth from the beginning of the unrest in July 2011. The first one culminated with the 
submarine eruption (October 2011). For this process they obtain, from inversion, results 
consistent with the InSAR data inversion results by González et al. (2013). They also invert 
deformation data for the main processes of magma injection between August 2011 and April 
2013, showing a stepwise magma migration process controlled by the distribution of the 
maximum differential stress induced by each of the new emplaced magma pressure sources. 
 
Fuerteventura Island: A set of 23 SAR descending orbit radar images from ENVISAT satellite 
from the ESA archive, acquired in the period 2003-2010, were used for an A-DInSAR analysis. 
All scenes were co-registered to a common master geometry (October 12, 2006) and differential 
interferograms were computed using the DORIS software (Kampes et al., 2003). A 25-meter 
resolution DEM from the Gegraphical National Institute of Spain (IGN) was used to remove the 
topographical contribution. A spatial multilooking factor of 4×20 (range×azimuth) was applied, 
producing pixel sizes of about 80×80 meters in the ground surface. The average spatial coherence 
threshold used was 0.25, and therefore a total subset of 183161 pixels was selected. Coherence 
maps were also computed for each interferogram, showing little temporal decorrelation on most 
of the island, except for the dunes areas which are located in the NW and at the isthmus 
connecting the Jandía Peninsula (Figure 16). A total of 46 interferograms (Table 1), out of the 78 
possible combinations, were selected to retrieve the linear velocity by stacking (average 
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unwrapped interferograms). Linear trends of the orbital effects were removed on azimut and 
range directions. Unwrapping of Lobos Island was unreliable as there was no connection to the 
seed. 
The linear velocity map of Fuerteventura for each pixel (in mm/year) is shown in Figure 
16. Linear velocity is around 1 mm/year for most of the island. Results at the Jandía Peninsula are 
different. A net horizontal limit can be noticed at the Western part, which coincides with the 
Jandía Peninsula hill range (where the highest island altitude is reached). However, it is probably 
due to the bad quality of the phase unwrapping in the area produced by the poor connections with 
the rest of the island (limited amount of pixels at the isthmus). Anyway, further investigations 
could concentrate on that area, using radar observation in another band (e.g., X-band) to study 
whether or not there are small current displacements. We can conclude that, during the studied 
period 2003-2010, overall Fuerteventura Island was stable, which is consistent with the lack of 
recent volcanism of the area. 
 
4.3 Deformation modeling and designing of the geodetic volcano monitoring. 
 
Over the last 14 years, constant deformation modelling work has been done to improve 
direct models considering different characteristics of the media (topography, structure, 
rheology,…). Charco et al. (2002) compute the effects on the geoid and vertical deflection 
produced by magmatic intrusions. It is important to estimate the change in the surface of 
reference for geodetic measurements. Using the elastic-gravitational model (Rundle, 1982; 
Fernández and Rundle, 1994) it is determined that big magmatic intrusions are necessary to 
produce non negligible effects on the geoid.  
Charco et al. (2007) investigate the effects of topography on surface deformation and 
gravity changes caused by a magma intrusion in the Earth’s crust. They develop a three-
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dimensional (3-D) indirect boundary element method (IBEM) that incorporates realistic 
topographic features and show that relevant topography alters both the magnitude and pattern of 
the deformation and gravity signal. As an example of realistic topography, they consider a 
spherical source of dilatation located at 4 km depth below Teide volcano summit (Tenerife, 
Canary Islands) in order to simulate the deformation and gravity changes that could be observed 
at Tenerife if a hypothetical intrusion occurred in the volcanic system.  
Their approach gives a picture of the 3-D topographic effect at Teide that can provide 
insight in order to improve the geodetic monitoring of the volcano. Fernández et al. (1999) and 
Yu et al. (2000) performed a theoretical study of sensitivity to ground deformation and gravity 
changes to define the most suitable geodetic monitoring system. They considered a flat surface in 
their methodology, although they pointed out that the results were preliminary and needed 
corrections for topography. Charco et al. (2007c) employ the IBEM numerical technique in order 
to perform a theoretical study of sensitivity of the permanent ITER’s GPS network installed in 
the vicinity of Teide volcano (González et al., 2005; Prieto et al., 2005; Fernández et al., 2006). 
Their study assumes that the displacements and gravity changes are caused by the presence of a 
shallow magmatic system. They propose some improvements in order to discriminate between 
different geometries and processes of the magma system considering the related volcanic hazard. 
It is also shown that microgravity techniques would be a suitable method for monitoring the 
Teide stratovolcano. They suggest the installation of a gravimeter of continuous recording at 
some of the GPS locations, particularly in stations located at the volcano flanks where a shallow 
intrusion beneath the summit of the volcano could cause the maximum deformation and changes 
in gravity. 
Charco and Galán de Sastre (2014) use a finite element model combined with explorative 
inversion schemes. Their numerical methodology is applied by way of example to Tenerife 
Island. They study inversion results for synthetic data as observed in the 17 GPS-GNSS network 
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stations installed in the Island by the IGN (www.ign.es), the Instituto Tecnológico y de Energías 
Renovables (ITER; www.iter.es) and Cartografía de Canarias (GRAFCAN; www.grafcan.es) 
using different crustal structures. Also, real topography is considered. The inversion needs around 
24 hours of computer code running to be obtained. 
Fernández and Luzón (2002) complete the work done by Fernández et al. (1999) and Yu 
et al. (2000), considering the last observational and theoretical results until that date and 
introducing the use of the new space geodetic techniques, permanent GPS observation and InSAR 
(see previous sections). They propose an updated geodetic monitoring system including those 
methodologies, gravity and GNSS networks basically for Tenerife, La Palma and Lanzarote, and 
a minimum version of it for the rest of the Islands. Obviously their conclusions and proposed 
geodetic volcano monitoring system for the archipelago should be revised and updated 
considering the recent volcanic activity in Tenerife and El Hierro and the evolution of all the 
involved techniques, deformation models and inversion techniques for interpretation. 
 
5. Discussion and Conclusions. 
 
We have reviewed most of the geodetic works carried out in the Canary Islands during the 
20
th
 century and the beginning of the 21
st
 with a focus on volcanology, considering the technical 
limitations. The results obtained during the last decades point to some important issues regarding 
the potential and limitations of a geodetic volcano monitoring system. We can also summarize 
some perspectives for the future. The last two decades were marked by a clear advance in 
geodetic techniques (and monitoring possibilities) using satellite technology, continuous GPS-
GNSS observation and DInSAR. The latter has evolved into the multitemporal DInSAR 
techniques and their use with error estimation (see e.g., González and Fernández, 2011) together 
with the new generation of radar satellites help to improve precision and spatial resolution (Joyce 
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et al., 2010; Sansosti et al., 2014). Furthermore, multi-satellite and multi-band radar observation 
opens new options to minimize revisit time and extract much information for volcano 
deformation studies (González et al., 2013), and elsewhere using MSBAS (Samsonov et al., 
2013). We envision more frequent use of deformation data along with microgravity 
measurements, as a powerful tool in volcano monitoring and for interpretation of results in the 
Canary Islands (Gottsmann et al., 2006; Battaglia et al., 2008, Camacho et al., 2011c) 
The results of InSAR application has clearly shown the need for considering and properly 
correcting atmospheric delay, as has been clearly seen for the El Hierro study (Cong et al., 2012; 
González et al., 2013). Different methodologies can be used to do it: use of GNSS observations 
(Cong et al., 2012); use of mesoscale meteorological models (Eff-Darwich et al., 2011; Bekaert et 
al., 2013); or application of a strategy based on an empirical polynomial relationship between 
atmospheric phase noise and topography (González et al., 2013). Corrections must be 
systematically applied on the multitemporal DInSAR application to islands with steep 
topography. 
Another clear aspect which should be considered is data integration, mainly using GNSS 
and multitemporal DInSAR data (Samsonov et al., 2008; González et al., 2010a). Data integration 
should provide a better definition of the 3D deformation field, ensuring integrity and validation of 
the observed deformation, and eventually improving results precision. 
Efficient performing geodetic volcano monitoring involves knowing the background 
deformation to be able to clearly detect any significant anomaly in displacement or gravity 
change. This determination for the entire archipelago is being carried out in the framework of an 
ESA Category-1 project (Fernández, 2012) for the period 1992-2010 using more than 1,500 radar 
images. The first results obtained for Fuerteventura Island have been described in this work, this 
being the first time this Island has been studied to search for surface displacements. 
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Other important and basic tools for interpreting any detected anomaly are crustal 
structural models, deformation models and inversion techniques. In crustal models, it is important 
to improve the knowledge of the 3D structure in a wider area, covering not only particular 
Islands, and it can be estimated by combining elevation, gravity, gradiometric, geoid, surface heat 
flow and seismic data in regional lithospheric models (e.g., Fullea et al., 2013). In direct models 
and inversion techniques, there are two main needs. First, to obtain a more advanced model, 
capable of considering more realistic media and sources. In this case, new mathematical tools can 
help to develop more powerful analytical models (e.g., Arjona et al., 2008). Numerical 
methodologies as developed by Charco and Galán de Sastre (2014) can also play an important 
role. Their use in between eruptions can be very useful, considering that if we know a priori 
information on the site, numerical modeling provides, in a relatively short time, a solution closer 
to reality. However, this kind of inversion methodology is not useful for near real-time inversion 
during volcanic crisis due to the codes’ running time (at least serveral hours). In these cases, 
analytical models can be the solution to invert geodetic deformation data obtained in near real-
time [e.g., about 30 minutes, García et al. (2014); or less than 1 minute, Camacho et al. (2011c) 
and Cannavò et al. (2012)], even considering the obtained results are often only first 
approximations to reality. 
Since early 2000, no dedicated strategy has been discussed about the geodetic volcano 
monitoring for the Canary Islands (Fernández and Luzón, 2002). Since then, new research groups 
and public institutions have started different activities, shaping a complex landscape. A critical 
aspect to which more attention should be paid is the optimization of scarce resources. In 
particular, when geodetic networks are being deployed, it must be acknowledged that multiple 
partners who are pursuing similar objectives could be involved, so as to avoid duplicate 
overlapping infrastructure. Clear examples are GPS-GNSS networks on the islands of Tenerife 
(see above and previous sections) and El Hierro. During El Hierro eruption crisis, two rapid 
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response GPS networks clearly expanded the capability to measure deformation on this island, 
but at the cost of revealing the worse inefficiencies in this complex scenario. As we can see in 
Figure 17, at best, a lack of communication ended in at least 10 GPS receivers being co-located 
atn only 5 sites, which in the end did not contribute any new significant ground deformation 
information, while other parts of the Island remained unmonitored, particularly the Northeast, and 
the far west. Clearly, the problems were not only logistical, as whenever possible the designers of 
two GPS networks avoided duplicating the resources available to them, by placing their stations 
far away from a publicly available one (FRON station from the regional cartographic survey 
agency), located in an easy-to-access town, Frontera.  
Situations, like the one described for El Hierro Island, reflect the need to keep updating 
the design of a modern and flexible geodetic volcano monitoring system, which considers all the 
previously described results, tackling the challenges of maximizing resources. Rather than 
competing for the best sites, a smarter solution would be to spend some time defining joint data 
sharing policies, that could satisfy all the parties involved, while maximizing the scientific returns 
of enjoying larger datasets to track activity, test hypotheses and models, etc. This will benefit not 
only fair competition among researchers, but also foster the required knowledge to improve our 
understanding of the Canary Islands volcanism, and let the organizations responsible conduct 
improved monitoring. We propose a strategy, similar to other successful consortiums, where 
researchers and organizations merge resources to keep instrumentation pools updated, and (cyber-
) infrastructures that collectively maximize the strengths of a geodetic community. Examples to 
follow could be the geodesy consortium of UNAVCO in the USA [www.unavco.org], or the 
Supersites or Natural laboratories concepts sponsored by GEO (Group on Earth Observations) 
[http://supersites.earthobservations.org/]. Moreover, a starting point would be an agreement to 
redistribute existing GPS stations and a fair access data policy for research purposes, involving at 
least the most relevant partners (CSIC, Grafcan, Instituto Geográfico Nacional, ITER-
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INVOLCAN, Universidad Complutense de Madrid, Universidad de Cádiz, University of Leeds, 
University of Nagoya, Universidad Politécnica de Madrid,…). 
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FIGURE CAPTIONS 
 
Figure 1. Location map of the Canary Islands and its position relative to the West African coast.  
 
Figure 2. Schematic graph of the first Geodetic Network link of the Canary Islands, made in the 
1930s. Stars denote stations where astronomical observations were made. Circles represent the 
trigonometric First Order stations. Lines represent geodetic observations between the different 
stations. 
 
Figure 3. Some published models, obtained from gravimetric (and seismic and geological 
information) presenting Tenerife structure as composed of subhorizontal layers. (a) Modified 
from main characteristics of Bosshard and MacFarlane (1970), (b) modified main characteristics 
of Watts et al. (1997), (c) modified from main characteristics of Fernández et al. (2009), and (d) 
from Camacho et al. (2011a) according to a 3D non-linear inverse approach. 
 
Figure 4. Location of the geodetic network in Las Cañadas, Tenerife island (Sevilla et al., 1986, 
Yu et al., 2000). Meanings are: 1 . Teide and Pico Viejo craters and basaltic cones; 2 . salic 
emission centres and domes; 3 . base of the caldera wall; 4 . geodetic station.  
 
Figure 5. Inset: location of geodynamic stations in Lanzarote island; CV Cueva de los Verdes; T 
Timanfaya. Detailed map: plan of Timanfaya National Park with eruptive fissure of the 1730–
1736 eruption, the primary volcanic cones, and location of Timanfaya station (after Fernández et 
al. 1992). 
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Figure 6. Differential interferogram from Tenerife island corresponding to 2 Aug. 1996–15 Sept. 
2000. No fringe can be seen in the Las Cañadas caldera area, so there is no deformation from 2 
Aug. 1996–15 Sept. 2000 at the precision level attainable with one interferogram. (1) and (2) 
represent Garachico (G) and Chío (C) subsidence areas, respectively, from 20 Jul. 1993–15 Sept. 
2000 differential interferogram (B
┴
= 180 m, Δd = 2614 days. B
┴
 denotes the perpendicular 
baseline between the two orbits). The Garachico subsidence has 3 fringes, in other words, about 9 
cm of ground subsidence from 20 Jul. 1993–15 Sept. 2000; the Chío subsidence has 1 fringe, that 
is to say, about 3 cm of ground subsidence from 20 Jul. 1993–15 Sept. 2000. Red circle indicates 
the location of Garachico village. LCC indicates the Las Cañadas Caldera area (modified from 
Fernández et al., 2003; 2004). 
 
Figure 7. Global GPS network defined for Tenerife Island. It is composed by 17 stations from 
REGCAN95 together with the permanent station TENE, marked with circles. A densification 
network formed by 2 fourth order stations (C774 and C747) and 2 benchmarks (CLV1 and 
CLV2) was installed in the zone with greater deformation near Garachico city (modified from 
Fernández et al., 2004). 
 
Figure 8. Elevation changes for Tenerife Island determined comparing coordinates determined in 
the different GPS-GNSS surveys (August 2000; July 2001; July 2002; May 2004; July 2005; 
January 2006). 2004-2006 campaigns were carried out in response to the volcano-tectonic crisis 
in Tenerife that began in 2004. G denotes location of Garachico city, C denotes location of Chio 
deformation area, and LCC the location of Las Cañadas Caldera. 
 
Figure 9. Epicentral locations of anomalous seismicity registered from 2003 to 2006 for Tenerife 
Island and surroundings (IGN, 2007). 
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Figure 10. SBAS-DInSAR results obtained using 55 radar images acquired from 1992 to 2005 by 
the ERS sensors from descending orbits. See text and Fernández et al. (2009) for details. (a) 
Geocoded mean deformation rate map computed in correspondence to coherent pixels only, and 
superimposed on the DEM of the island; the reported SAR azimuth and range directions (black 
arrows) are indicative. Blue arrows show the horizontal displacement measured with error 
ellipses determined using GPS observations between 2000 and 2006 at the stations of the GPS 
network. The white stars, labeled as ‘‘b’’, ‘‘c’’, ‘‘d’’, ‘‘e’’ and ‘‘f’’, identify the pixels whose 
DInSAR LOS deformation time series are shown in panels (b–f); note that in panel (f) the 
deformation associated to the 2004 seismic crisis has been highlighted in orange. (g) Plot of the 
mean deformation rate values (for the pixels located in coherent areas) versus topography with 
the locations of the areas (black letters from ‘‘b’’ to ‘‘f’’) affected by localized deformation 
(Fernández et al., 2009). 
 
Figure 11. Spatial distribution of the stations of the Tenerife Permanent GPS network and 
representation of the significant annual trend values (larger than 2.5 times their standard 
deviations) for the ITER-PGPS stations in Tenerife. See text for exact values and discussion 
(Prieto et al., 2005). 
 
Figure 12. (a) Estimated descending linear deformation rate between 2 September 1992 to 8 
January 2000. The black rectangle shows the location of the figure inset, which is a zoom into the 
Montañas del Fuego area (Timanfaya eruptive centers). (b–i) Time series of displacements and 
associated estimated errors of 8 selected points. See text for details. (González and Fernández, 
2011). 
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Figure 13. Horizontal (a) and vertical (b) displacements at the GPS geodetic control points 
between 1994 and 2007 GPS campaigns. (c) Horizontal and (d) vertical displacements between 
2006 and 2007 campaigns. The results were obtained using GAMIT software (Prieto et al., 2009). 
 
Figure 14. Stack results shown on a shaded DEM. Differential interferograms were corrected for 
atmospheric elevation-phase dependence. Results are only from coherent points (pixels), which 
exhibit LOS linear velocity (positive away from satellite, indicated with the arrows). (a) Stacking 
of 82 long temporal separation ERS differential interferograms for the period 1992–2000, 
accompanied by vertical GPS linear velocity between 1994 and 2007. (b) Stacking of 18 long 
temporal separation ENVISAT differential interferograms for the period 2003–2008.We also 
show estimates of horizontal GPS linear velocities between 2006 and 2007. Note the linear rate 
from the 2003 to 2008 results is noisier than the 1992 to 2000 results, mainly due to the smaller 
dataset, so these results should be considered with caution. The largest magnitude subsidence 
signal corresponds to the Teneguia volcano (T symbol) (González et al., 2010b).  
 
Figure 15. (a) Observed ground deformation (4 May 2011 to 8 August 2011) using ascending 
RADARSAT-2 images, with a maximum motion toward satellite of ~9 cm. (b) Simulated ground 
deformation predicted by the best-fitting single spherical source model (see panel g) of Figure 
15a. (c) Residual of Figures 15a and 15b. (d) Observed ground deformation (31 August 2011 to 
30 October 2011) using descending ENVISAT images from Track 109, with a maximum motion 
toward the satellite of ~10–12 cm. (e) Simulated ground deformation predicted with the best-
fitting single spherical source model (see panel g) of Figure 15d. (f) Residual of Figures 15a and 
15b. (g) Location of the best-fitting spherical point sources: orange, deep crustal source (Figure 
15b); and dark red, the shallower crustal reservoir (Figure 15e). Seismicity flux (events/km
2
), 
which represents the 2-D clustering of background seismicity, is shown the background. Inset 
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shows the vertical cross section b-b’. (h) Time series of the volume change between May 2011 
and March 2012 for the two spherical point sources (orange circles, crust-mantle reservoir (CMR) 
deep source; dark red diamonds, the SFR shallow rift reservoir) from the TSVD inversion. 
Cumulative seismic geometric moment, in cubic meters, is indicated as a shaded gray area for all 
events, and shaded blue for earthquakes shallower than 15 km. In addition, the time series of the 
NS component from FRON GPS station is shown in gray. Applying a moderate temporal filter 
(boxcar with width 0.05 years), the time series shows minor oscillations after September 2011 
which seems to be correlated with the behavior of the CMR reservoir (~9.5 km). However, these 
oscillations are well below the time series scatter and will require a more detailed analysis and 
additional GPS time series to extract robust conclusions (after González et al., 2013). 
 
Figure 16. (a) Coherence map for interferogram 20061221_20070301. Figure is in radar 
adquisition coordinate system. (b) Google maps image of Fuerteventura. It can be noticed how 
sand dunes areas are completely decorrelated. (c) Geocoded mean LOS velocity map computed 
by stacking. 
 
Figure 17. Fast response continuous GPS networks to the El Hierro eruption: a) IGN; b) 
INVOLCAN (ITER and Nagoya University), and c) IGN and INVOLCAN networks. Both 
networks use data provided by a publicly available GPS station, FRON (installed by GRAFCAN, 
blue circle). As we can see, none of the initiatives decided to install a station close to a publicly 
available one, and meanwhile decided to install stations in close proximity to other locations, 
which overall do not contribute to maximize the monitoring capabilities. 
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TABLE CAPTIONS 
 
Table 1. List of interferograms, with their spatial baselines, used in the A-DInSAR study of the 
Fuerteventura Island. 
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Figure 15 
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Figure 17 
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Table 1 
List of Interferograms Spatial Baselines (meters) 
20031023-20050505 111.7 
20031023-20060629 143.6 
20041111-20061116 -58.7 
20050120-20060525 -394.5 
20050120-20061221 233.0 
20050120-20070301 301.8 
20050505-20060629 31.9 
20050505-20060803 326.9 
20050922-20060420 -70.7 
20050922-20060907 124.1 
20050922-20061221 -68.8 
20050922-20070301 0.0 
20050922-20090827 -8.7 
20060316-20060420 14.8 
20060316-20061221 16.7 
20060316-20091105 -5.1 
20060420-20060907 194.8 
20060420-20061221 1.9 
20060420-20070301 70.7 
20060420-20090827 62.0 
20060420-20091105 -19.9 
20060525-20061116 -342.0 
20060525-20070125 81.4 
20060525-20080424 253.5 
20060525-20090129 143.0 
20060629-20060907 -449.0 
20060907-20061221 -192.9 
20060907-20070301 -124.1 
20060907-20090618 15.6 
20060907-20090827 -132.8 
20061012-20070125 -138.4 
20061012-20080424 33.7 
20061012-20090129 -76.8 
20061221-20070301 68.8 
20061221-20080424 -374.0 
20061221-20090827 60.1 
20061221-20091105 -21.8 
20061221-20100114 -116.1 
20070125-20090129 61.6 
20070301-20090618 139.7 
20070301-20090827 -8.7 
20070301-20091105 -90.6 
20080424-20090129 -110.5 
20090827-20091105 -81.9 
20091105-20100114 -94.3 
20100114-20100218 -137.5 
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